The mitochondrion is an extremely important organelle that performs various functions in the cell: e.g. energy production, regulation of respiration processes and maintenance of calcium homeostasis. Disruption of the biogenesis and functioning of this organelle can lead to cell damage and cell death. Mitochondrial dysfunction has been shown to possibly be involved in the pathogenesis of Parkinson's disease. However, the role of genes associated with mitochondrial biogenesis in the early stages of disease remains poorly understood. The objective of the present study was to analyze changes in the expression of activator (Nrf1, Ppargc1a, Prkn, and Kif1b) and repressor (Zfp746 and Mybbp1a) genes of mitochondrial biogenesis in the early stages of the development of neurodegeneration in an MPTP-induced model of presymptomatic and early symptomatic stages of PD. Statistically significant changes in expression at the mRNA level were detected for all studied genes. There was mainly a decrease in the expression of activator genes (Nrf1, Ppargc1a, Prkn, and Kif1b) at all stages of neurodegeneration, which seemed to be associated with impaired mitochondrial biogenesis and the development of neurodegeneration processes. A predominant decrease in the expression was detected for the Zfp746 and Mybbp1a repressor genes of mitochondrial biogenesis. However, in this case, it was associated with the emergence of compensatory mechanisms during the development of Parkinson's disease. The largest number of statistically significant changes was detected for the Nrf1 activator gene and the Mybbp1a repressor gene. Apparently, these two genes play the most important role in this disease.
Introduction
Mitochondria are important organelles that perform various functions in the cell: e.g. energy production, regulation of respiration processes and maintenance of calcium homeostasis [1] . Disturbance of the biogenesis and functioning of this organelle can lead to cell damage and cell death. Mitochondrial dysfunction can be associated mainly with disturbances in various complexes of the respiratory electron transfer chain, especially in complex I. These disturbances lead to a reduction in the production of adenosine triphosphate (ATP) and the formation of reactive oxygen species (ROS). In addition, the levels of ROS increase rapidly. As a result, oxidation and subsequent disruption of the normal functioning of proteins, lipids, and DNA occur [2] . Moreover, mitochondrial dysfunction can lead to a fusion/division imbalance of these organelles [3] and to the late activation of apoptosis [4] [5] [6] .
Various works have shown that mitochondrial dysfunction may be associated with the development of the pathogenesis of several diseases, including Parkinson's disease (PD) [7] [8] [9] [10] [11] . Analysis of gene functions in monogenic forms of PD indicates that nine of them (PINK1, PRKN, SNCA, LRRK2, PARK7, ATP13A2, FBXO7, VPS35 and CHCHD2) are somehow related to the functioning of mitochondria [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . The results of several meta-analyzes of whole-transcriptome data obtained in studies of patients with PD revealed a change in the expression of a large number of genes associated with the functioning of mitochondria, which also confirms the important role of this process in the pathogenesis of the disease [26] . Interestingly, there are very few studies of the expression of individual genes associated with mitochondrial functioning, especially in the earliest stages of the development of neurodegeneration in PD; most of them were based on cell culture experiments [17, [27] [28] [29] .
Because it is impossible to study the endogenous processes occurring in the brains of patients during the earliest stages of the development of the pathological process in PD, it remains unknown how the expression profile of genes involved in mitochondrial biogenesis changes in the earliest stages of the disease. One of the main approaches to the investigation of these stages of the disease is the development of different PD models that reproduce the early stages of neurodegeneration.
Previously, we conducted a whole-transcriptome study of such models [30, 31] . In that study, it was shown that mitochondrial dysfunction is involved in the development of neurodegeneration at its earliest stages. However, it remains unclear which genes of mitochondrial biogenesis are involved in the pathogenesis of PD at the earliest stages. In this regard, an expression analysis of genes involved in the regulation of mitochondrial biogenesis was performed at the early stages of the development of the pathological process in PD in brain tissues and peripheral blood of mice with MPTP-induced models of early stages of PD [32, 33] .
Material and methods

Parkinson's disease models
We used models of the presymptomatic stage of PD with decapitation of mice 6 h after (6 h-PSS), the presymptomatic stage of PD with decapitation of mice 24 h after (24 h-PSS), the advanced presymptomatic (AdvPSS) and early symptomatic (ESS) stages of PD. Models were created as previously described [32, 33] .
In brief, male mice C57BL/6 at the age 8-12 weeks weighing 22-26 g were used in this study. The animals were maintained at 21-23°C in a light-dark cycle having free access to food and tap water. Animals (n = 80) were divided into 4 control groups (n = 10 each) and 4 experimental groups 6h-PSS group (n = 10), 24h-PSS group (n = 10), AdvPSS group (n = 10) and ESS group (n = 10). Four groups of the experiments were made with the s.c. injections of MPTP hydrochloride (Sigma, St. Louis, MO, USA). The control animals received saline only. In the first group, MPTP was injected twice with 2 h intervals between the injections at the individual dose of 12 mg/kg. In another groups, MPTP was injected four times at the individual dose of 12 mg/kg with a 2-h interval between the injections (30 animals in the experiment and 30 animals in the control). In the first group (AdvPSS group), 2 weeks after the MPTP administration the animals were decapitated. In another groups, the animals were decapitated after 6 h (6h-PSS group), 24 h (24h-PSS group) and 2 weeks after the last MPTP administration (ESS group).
The brain was removed from the skull and cut along the midsagittal plane. Frontal cortex, dorsal striatum, and substantia nigra were dissected under a dissecting microscope with an ocular micrometer (Nikon SMZ660, Nikon, Melville, NY, USA). Also, from all animals samples of peripheral blood were obtained. The tissue pieces were weighed, frozen in liquid nitrogen and kept at -70°C until RNA isolation.
Experimental work with laboratory animals was carried out in accordance with "The Guide for the Care of Animals" [34] and was approved by the ethical committee of the Institute of Development Biology. N.K. Koltsov RAS.
RNA isolation
During isolating RNA, tissue samples from each animal were homogenized using TRI Reagent (MRC, USA) [35] . Further phase separation was performed with addition of chloroform to the brain tissue homogenate with TRI Reagent according to the manufacturer's recommendations. After phase separation, the aqueous phase containing RNA was taken and then ethanol was introduced in a 1: 1 ratio. Further, the isolation of total RNA was performed using RNAeasy Mini Kit (Qiagen, Germany) according to the manufacturer's recommendations. RNA concentration was measured using a Quant-iT RNA BR Assay Kit and a Qubit 3.0 fluorimeter (Invitrogen, USA).
RNA quality was assessed using the Experion RNA HighSens Analysis Kit and the Experion instrument (Bio-Rad, USA).
Expression analysis of individual candidate genes
Gene expression analysis was performed using reverse transcription and qPCR with TaqMan probes. The reverse transcription reaction was performed on a T3 Thermocycler amplifier (T3 Thermoblock, Biometra, Germany) using the RevertAid ™ H Minus Reverse Transcriptase kit (Thermo Fisher Scientific, USA) according to the manufacturer's recommendations. A mixture of Random Hexamer Primer (Thermo Fisher Scientific, USA) and Oligo (dT) 18 primer ("Thermo Fisher Scientific", USA) was used in a ratio of 3: 2, respectively.
The sequences of the primers and probes for expression analysis of the candidate genes were designed using Beacon designer 7.0 software (Premier Biosoft, USA) and the nucleotide sequences of the Nrf1, Ppargc1a, Zfp746, Prkn, Mybbp1a and Kif1b genes, and the housekeeping genes Bcat2 and Psmd7. The sequences are based on mouse genome (Mus musculus (assembly GRCm38.p6), [36] https://www.ncbi. nlm.nih.gov/genome/?term=Mus+Musculus, NCBI). The sequences of gene-specific primers and probes are presented in Table 1 .
For real-time PCR, cDNA obtained in the reverse transcription reaction was used as a template. Before being added to the reaction mix, cDNA was diluted in an aqueous solution of tRNA from Escherichia coli (100 ng/μl) [37] to concentration of 0.02 ng/μl. Real-time PCR was performed using the StepOnePlus™ System (Applied Biosystems, USA). The composition of 30 μl of the reaction mixture consisted of: 5 μl of cDNA (0.02 ng/μl); 3 μl of PCR buffer (× 10) (Synthol, Russia); 3 μl 25 mM MgCl2; 10 PM primers (Evrogen, Russia); 2.5 pM probe (DNA synthesis, Russia); 200 μM of each dNTP; 1 enzyme unit Taq DNA Polymerase (Synthol, Russia). Thermal cycling was performed as Table 1 Nucleotide sequences of gene-specific primers and probes.
Gene
Nucleotide sequence
Mybbp1a
Probe: 5'-VIC-CGCCTAATCACTGGGCTTGG-BHQ2-3' Forward primer: 5'-TCGGAGATGAAATATGCC-3' Reverse primer: 5'-ATGGGATGTCTTCAAAAGA-3'
NM_016776.2 a
Ppargc1a
Probe: 5'-VIC-TAACTCCTCCCACAACTCCTCCTC-BHQ2-3' Forward primer: 5'-CGAACCTTAAGTGTGGAA-3' Reverse primer: 5'-AGCCTTGAAAGGGTTATC-3'
NM_008904.2
Prkn
FAM and VIC -fluorescent dyes; BHQ1 and BHQ2 -fluorescence quenchers. a Numbers in the database GenBank (Accession numbers).
follows: 50°C, 60 s; 95°C, 600 s; further 40 cycles of 95°C, 20 s; and 61°C, 50 s. Each sample was analyzed three times to correct for differences in sample quality and the efficiency of the reverse transcription reaction.
Statistical and bioinformatic analyzes
Nucleotide sequences of gene-specific primers and probes were designed using the Biosoft International Beacon designer 7.0 program (Palo Alto, USA) and the corresponding sequences from NCBI database. Checking the specificity of primers and probes was performed using the resource Primer3 and BLAST (Madden 2003) (https://www.ncbi.nlm. nih.gov/tools/primer-blast/), as well as the base IDT OligoAnalyzer 3.1 (http://eu.idtdna.com/calc/analyzer).
The relative levels of the transcripts in the test groups were calculated as R = 2 -ΔΔCt [38] . Statistical data processing was performed using the "Statistica for Windows 8.0" software package (StatSoft, Inc. (2007), STATISTICA (version 8.0. Www.statsoft.com) and MS Excel 2013 software (Microsoft). Data were analyzed using the nonparametric Mann-Whitney U test. Gene interaction networks were made using the Pathway Studio® 12.0 ("Elsevier") program [39, 40] .
Results
In the present study, an expression analysis of the Nrf1, Ppargc1a, Zfp746, Mybbp1a, Prkn and Kif1b genes was performed in samples from the cortex, striatum, and substantia nigra, and in the peripheral blood from mice with MPTP-induced models of 6h-PSS, 24h-PSS, AdvPSS and ESS of PD. These genes were selected based on their possible role in the pathogenesis of PD. The results of the expression analysis of candidate genes are presented in Table 2 .
A much lower number of significantly changed genes was found in animal tissues with 6h-PSS and 24h-PSS models than in those from models of more advanced stages of PD. In fact, only one gene, Prkn, increased its expression in the substantia nigra with 6h-PSS model. Moreover, no changes in the relative mRNA levels of genes were shown in the substantia nigra 24h after MPTP administration. There was a decrease in the mRNA levels of the Prkn and Ppargc1a genes in the frontal cortex with models 6h-PSS and 24h-PSS respectively. However, six significantly different changes were found in the striatum with models 6h-PSS and 24h-PSS of PD: e.g., an increase in the mRNA levels of the Ppargc1a and Prkn genes in mice with 6h-PSS model, and a decrease in the expression of Nrf1, Ppargc1a, Mybbp1a, and Kif1b genes in mice with 24h-PSS model.
Changes in mRNA levels in the tissues with the AdvPSS model were detected in a larger number of the studied samples compared with models of early presymptomatic stages. As shown in Table 2 , there was an increase in the relative mRNA levels of the Nrf1 gene in all studied brain tissues, and a decrease in the relative mRNA levels of the Mybbp1a and Prkn genes in the substantia nigra, of the Kif1b and Prkn genes in the striatum, and of the Zfp746 and Mybbp1a genes in the frontal cortex.
A statistically significant decrease in the mRNA levels of the Nrf1, Mybbp1a, Kif1b, and Prkn genes was found in the substantia nigra with model ESS of PD. A significant change was detected for four genes (Nrf1, Ppargc1a, Zfp746, and Mybbp1a) in the frontal cortex. In addition, these changes were co-directed in these tissues for three genes (Nrf1, Ppargc1a, and Zfp746) .
The largest number of statistically significant changes (in 9 out of the 16 studied samples) was detected for the Nrf1 gene. Most changes corresponded to increasing of mRNA levels, whereas decreasing in the expression was found only in two cases (in the striatum with the 24h-PSS model and in the substantia nigra with the ESS model of PD). The Mybbp1a gene was significantly changed in 7 samples, with an increase in its mRNA levels in 2 out of 7 samples (in the frontal cortex with the ESS model and in the peripheral blood with the 6h-PSS model).
Discussion
At present time, there is no doubt that impaired functioning of mitochondria can play an important role in the development of the pathological process in PD. This is indicated by the presence of mutations in the genes of the familial form of PD (PINK1, PRKN, SNCA, LRRK2, PARK7, ATP13A2, FBXO7, VPS35, and CHCHD2), which are encoded by the nuclear genome [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . At the same time, almost nothing is known about the role of other nuclear genes associated with mitochondrial biogenesis in the development of PD. In this regard, the aim of this work was to study changes in the expression of a number of genes encoded by the nuclear genome and involved in the regulation of mitochondrial biogenesis in the early stages of the development of the pathological process in PD in the brain tissues and peripheral blood of mice with MPTP-induced models of early stages of PD [32, 33] .
In the present study, we used MPTP-induced models of the presymptomatic stages of PD (with decapitation of mice 6 h after MPTP administration (6h-PSS) and decapitation of mice 24 h after MPTP administration(24h-PSS)) and of the advanced presymptomatic (AdvPSS) and early symptomatic (ESS) stages of PD (with decapitation 2 weeks after MPTP administration). Administration of MPTP allows modeling the death of DAergic neurons in the substantia nigra, the deficiency of DA in the striatum, and the manifestation of the classic signs of PD [41, 42] . PD models based on injections of MPTP are one of the most adequate experimental models of this disease. An important advantage of the use of MPTP is that it selectively penetrates in DAergic neurons because of its high affinity for the DA transporter DAT and selectively inhibits complex I of the mitochondrial electron transport chain, causing oxidative stress and impaired calcium homeostasis. These events lead to the degeneration of DAergic neurons by necrosis or apoptosis [43] [44] [45] .
It should be noted that one of the disadvantages of the models we use is that they are acute, and the development of symptoms of PD occurs quite quickly. At the same time, the advantage of these models is that they are simple to implement and require a small amount of time to create them. The different dosage of MPTP toxin allows us to simulate different stages and quickly conduct an initial assessment of the involvement of certain genes in the development of the disease.
In this work, the analysis of the tissues of the frontal cortex, striatum, substantia nigra, and peripheral blood of mice with MPTPinduced models of PD was carried out. The striatum and substantia nigra are directly involved in the pathogenesis of PD in the very early stages. The frontal cortex is not the primary target in the MPTP model of PD -but its involvement in the pathological process in humans is observed in the late stages of the disease. Blood was examined to further examine the candidate genes being studied as transcriptional peripheral markers of this disease.
Genes under study were selected using a literature data analysis and the bioinformatics resource Pathway Studio. The functional interactions between these participants in mitochondrial biogenesis are shown in the network of interactions presented in Fig. 1 . The main functions of the studied genes are presented in Table 3 .
These genes belonged to both the activator (Nrf1, Pprargc1a, Prkn, Kif1b) [14] [15] [16] [17] [57] [58] [59] [60] [61] and repressor (Zfp746 и Mybbp1a) [27, 62] groups of genes implicated in mitochondrial biogenesis. It should be noted that the genes we selected are encoded by the nuclear genome. Possible changes in the expression of these genes in response to mitochondrial dysfunction can play an important role in the development of neurodegeneration.
As shown in Table 2 , there were a greater number of statistically significant changes in the tissues of the brain and peripheral blood of mice with models of AdvPSS and ESS of PD compared with those from models of decapitation performed 6 h and 24 h after the last injection of the toxin. At advanced stages of development of the pathological process in PD, we observed a more-active involvement of changes at the transcriptome level. These results correlate with our previous data Table 2 Relative mRNA levels of the genes studied in brain and peripheral blood of mice with MPTP-induced models of early stages of PD. 1 Median. 2 25-75-quartiles. The levels of the mRNA of the genes studied in the control group were taken as 1. The data with p < .05 is bold and highlighted. 3 The mRNA levels in these samples are below the detection level of the method used in this study. N = 10 for each group (control and experimental). which showed that the number of differentially expressed genes increased with the progression of the disease [31] .
In general, we observed both a significant decrease and a significant increase in the expression levels of the studied genes in all the studied samples ( Table 2 ). Such changes affect both activators and repressors of mitochondrial biogenesis. Taken together, these results may indicate that the mouse brain tissues studied here possess their own unique scenario of variability in expression levels at different stages of the pathological process.
There is an only a statistically significant decrease in expression of activator genes of mitochondrial biogenesis in the early stages of the developing pathological processes (6h-PSS and 24h-PSS models of PD). This may indicate a disruption in the normal functioning of mitochondria, which may be associated with the development of neurodegeneration. At the same time, the absence of significant changes for the Zfp746 and Mybbp1a genes indicates that the repressors of mitochondrial biogenesis are not involved in the development of the pathological process at these stages.
In general, there was a predominant decrease in the expression of activator genes of mitochondrial biogenesis at all studied stages of the developing neurodegenerative process. Thus, a significant decrease in the mRNA levels of the Ppargc1a, Nrf1, Prkn, and Kif1b genes was detected in 13 cases. In contrast, these genes increased their expression in only 8 cases. This suggests the activator genes are primarily associated with impaired mitochondrial biogenesis and are involved in the processes of neurodegeneration. A significant increase in mRNA levels was observed in the 3 cases studied and a significant decrease in expression was detected in 6 cases, when considering changes in the expression profiles of the repressor genes Zfp746 and Mybbp1a. Such results may conversely be associated with compensatory mechanisms; e.g., the cell tries to restore and maintain mitochondrial biogenesis by suppressing the expression of mitochondrial repressors.
The most conspicuous findings regarding levels of expression were identified for 2 genes -the Nrf1 and Mybbp1a genes (Fig. 2) . Statistically significant changes were detected in 9 out of the 16 investigated samples for the Nrf1 gene. NRF1 is a transcription factor that regulates directly the function of a large number of mitochondrial genes, both by itself and through the upregulation by PGC-1α [63, 64] . In turn, PGC-1α is a transcriptional activator of mitochondrial biogenesis genes, including NRF1. Shin et al. showed that PRKN knock out leads to a decrease in the expression levels of NRF1 and PPARGC1A in cell culture with a mitochondrial dysfunction model [17] .
In our study, a statistically significant decrease in the mRNA level of the Nrf1 genes was detected in the striatum of mice with the 24h-PSS model of PD. We observed an increase in Nrf1 expression at more-advanced modeling stages in all studied mouse brain tissues, with the exception of the substantia nigra with the ESS model of PD. These results suggest that in the early stages of neurodegeneration the NRF1 is extensively involved in the compensatory mechanisms, which contribute to the activation of the expression of mitochondrial genes. The significant decrease in the mRNA level of the Nrf1 gene detected in the substantia nigra with the ESS model of PD also confirmed our hypothesis that the cell in the substantia nigra does not have the resources that are necessary to maintain compensatory mechanisms at this stage in the development of the pathological process.
A statistically significant increase in the expression of the Nrf1 gene in the cortex in mice with models of AdvPSS and ESS of PD suggests that this part of the brain can be involved in the development of the pathological process in PD even at the model of presymptomatic stages of the disease. In addition, we found a statistically significant increase in the mRNA level of the Nrf1 gene in the peripheral blood of mice with the 6 h-PSS and ESS models of PD. These data indicate that changes in the expression of the Nrf1 gene can occur in the peripheral blood. NRF1 gene can be considered as a potential biomarker of the development of the pathological process in PD.
Among the repressor genes of mitochondrial biogenesis, Mybbp1a exhibited significant changes in expression in 7 out of the 16 studied samples. The MYBBP1A protein is a transcriptional repressor of rRNA genes and several other genes, including PPARGC1A [65, 66] . Currently, its role in the pathogenesis of PD is poorly understood. In our Table 3 The main functions of the Nrf1, Ppargc1a, Zfp746, Prkn, Mybbp1a, and Kif1b genes in molecular-cell processes.
Gene
Function in the cell Participation in the functioning of mitochondria References
Nrf1
Transcription factor of key genes involved in metabolic and cell development processes.
Participates in the control of nuclear genes necessary for transcription and replication of mitochondrial DNA. [46, 47] Ppargc1a
Transcriptional activator of genes involved in various metabolic pathways.
It is one of the main transcription factors for mitochondrial biogenesis genes [48, 49] Zfp746 Transcriptional repressor. It plays an important role in the death of neurons.
It is a transcriptional repressor of Ppargc1a [50, 51] 
Mybbp1a
Transcriptional corepressor. Transcriptional repressor of myitochondrial biogenesis genes [52, 53] 
Kif1b
A protein that actively interacts with cell cytoskeleton proteins. Activator of the antitrade transport of mitochondria [54] [55] [56] 
Prkn
Ubiquitin E3 ligase, which catalyzes the ubiquitination of a large number of substrates in the cell.
It participates in the degradation of malfunctioning mitochondria using mitophagy.
[14-17].
Fig. 2.
Relative mRNA levels of Nrf1 and Mybbp1a in cortex, striatum and substantia nigra of mice with MPTP-induced models of PD. The expression level studied in the control was taken as 1. work, we observed a predominant decrease in the mRNA levels of this gene in the striatum and substantia nigra from earlier stages (6 h-PSS) to later stages (ESS). This allows us to suggest that MYBBP1A is also involved in the compensatory mechanisms that reduce the probability of the occurrence of oxidative stress and slow down neurodegenerative processes. In the cortex, in the early stages, a decrease in the expression of this Mybbp1a is also observed, however, mice with the ESS model of PD shows a significant increase, this may indicate the preservation of the ratio of activators and repressors of mitochondrial biogenesis due to the compensatory increase in Nrf1 gene expression. The preservation of the activator/repressor ratio is observed at the ESS stage in the substantia nigra too -but it is achieved due to, on the contrary, a simultaneous decrease in the expression of the Nrf1 and Mybbp1a genes.
It should be noted that the level of expression of the Mybbp1a gene in peripheral blood changes only at the earliest stage (6 h-PSS) and this gene cannot be considered as a candidate expression biomarker of PD.
Here, we studied the changes in the expression of activators (Nrf1, Pprargc1a, Prkn, and Kif1b) and repressors (Zfp746 and Mybbp1a) of mitochondrial biogenesis in the brain and peripheral blood of mice with MPTP-induced models of PD. Statistically significant changes in expression at the mRNA level were detected for all studied genes, while an increase in the number of statistically significant changes in the expression of the studied genes was observed from the early modeled stages to the late stage of PD. This may indicate the gradual involvement of mitochondrial biogenesis genes in the development of pathological processes in PD.
In addition, there was a predominant decrease in activator genes of mitochondrial biogenesis in the studied samples. Apparently, this was because these genes are associated with impaired mitochondrial biogenesis and the development of neurodegenerative processes. A predominant decrease in expression was also detected for repressor genes; however, in this case, this was attributable to the inclusion of compensatory mechanisms during the development of neurodegeneration in mouse brain with models of PD.
The most pronounced changes in expression levels identified for the Nrf1 activator gene and for the Mybbp1a repressor gene. Apparently, these two genes play the most important role in the processes of mitochondrial biogenesis in this disease.
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